This study focuses on the geometry and kinematics of the Sinnyeong Fault which is the most conspicuous fault among the WNW-trending Gaeum Fault System in the Gyeongsang Basin, SE Korea. The fault is traced for over ca. 70 km and has a consistent WNW-trending strike with a nearly vertical dip. It has an asymmetric fault damage zone of several meters to several tens of meters in width and a several metersthick fault core. Its main movement is interpreted as sinistral-reverse oblique-slip or sinistral strike-slip under NE-SW compressional stress regime, although it could have experienced other faultings with different senses before/after this movement. Cylindrical folds, having the NW-trending fold axes of low-angle plunge, are only observed along the southern damage zone of the fault with a continuous narrow width of several tens of meters. It is thus interpreted that the formation of the folds and sinistral movement of the fault were almost contemporaneously generated due to the concentration of the regional NE-SW compressional stress along pre-existing WNW-trending faults or densely populated fracture zone in a relatively stable intraplate region.
Introduction
The Gyeongsang Basin, located in the eastern part of the Korean Peninsula, is a Cretaceous back-arc basin produced by the oblique subduction of the Proto-Pacific (Izanagi/Kula) plate underneath the Eurasia plate (Chough et al., 2000; Chough & Sohn, 2010 ; Figure 1 ). It was filled by the Cretaceous-Paleogene non-marine sedimentary and igneous rocks. The fault systems in the basin are generally divided into two types, i.e. NNE-trending Yangsan Fault and WNW-trending Gaeum Fault systems, based on the attitudes (Figure 1) . Their geometry and kinematics are potentially important for understanding the development history of the Gyeongsang Basin associated with tectonic evolution in East Asia during the Cretaceous to Cenozoic, because the basin-fills were cut by these fault systems (Figure 1) . While various geological studies along the Yangsan Fault System have been carried out (Chang et al., 1990; Kim, 1992 Kim, , 1993 Chang, 2002; Chang & Chang, 1998; Cho et al., 2007 , Choi et al., 2009 Kang & Ryoo, 2009, etc.) , detailed structural analyses of the Gaeum Fault System, including descriptive and kinematic analyses, are not performed although several geological mappings along the fault system were carried out (Chang et al., 1977 (Chang et al., , 1978 (Chang et al., , 1981 Won et al., 1980; .
The aim of this study is to decipher the geometry and kinematics of the Sinnyeong Fault which is one of the most conspicuous strands comprising the Gaeum Fault System (Figure 1) . By detailed field descriptions along the fault, various structural elements, such as slip data of various scale faults and shear fractures, attitudes of extensional fracture, and beddings of adjacent sedimentary rocks, were measured and analyzed to determine the nature of deformation along the fault and to examine the causative paleostress field.
Geological Background
The Gyeongsang Basin can be tectonically divided into three subbasins, i.e. Yeongyang, Uiseong, and Miryang subbasins from north to south (Chang, 1975 ; Figure 1 ). The Gaeum Fault System is located in the Uiseong Subbasin which was filled by non-marine sedimentary, volcanic, and plutonic rocks. The sedimentary rocks are divided into the Sindong and Hayang groups which are intruded and/or overlain by acidic-intermediate volcanic complex, named Yucheon Group. Afterwards, the Bulguksa granites, containing acidic and intermediate intrusive rocks, immediately intruded the earlier strata (Chang et al., 1977 (Chang et al., , 1981 Won et al., 1980; Kim et al., 1981) .
The WNW-trending Gaeum Fault System consists of the Hwanghaksan, Uiseong, Geumcheon, Jarak, Gaeum, Gunwi, Ubo, Sinnyeong, and Palgongsan faults from north to south and cuts the above-mentioned sedimentary, volcanic, and intrusive rocks as well as several cauldrons with sinistral offset (Chang et al., 1977 (Chang et al., , 1981 Won et al., 1980; Kim et al., 1981; Choi et al., 2004) . The geological map of the Daeyul Sheet (1/50,000) reported that the Sinnyeong Fault is a sinistral strike-slip fault . Other 1/50,000 geological maps (the Gusandong, Sinnyeong, and Gunwi Sheets) interpreted that the intrusive rocks intruded along the pre-existing WNW-trending faults, afterwards these faults reacted as sinistral strike-slip faults, based on the sub-parallel trends of the intrusions and the faults (Chang et al., 1977 (Chang et al., , 1981 Won et al., 1980) . Chang & Xu et al., 1987; Ren et al., 2002; Itoh et al., 2006), 1. Tan-Lu Fault, 2. Nenjiang Fault, 3. Yilan-Yitong Fault Zone, 4. Fushan-Mishan Fault, 5. South Korean Tectonic Line, 6. Yangsan Fault System, 7. Median Tectonic Line, 8. Itoigawa-Shizuoka Tectonic Line, 9 . Tanakura Tectonic Line. (B) Simplified geological map (modified from Hwang et al., 1996; Kim et al., 1998; Choi et al., 2002) and key beds (modified from Jeong et al., 2005; Jeon & Sohn, 2008; Hwang & Woo, 2009 ) of the Gyeongsang Basin. Stratigraphic correlation is reconstructed from Chang et al. (2003) , Chough & Sohn (2010) , and Kang & Paik (2013) . and also suggested that the Palgongsan Fault acted as a syn-depositional fault during the deposition of the lower strata of the Hayang Group, afterwards acted as a conduit of the Palgongsan Granite, and finally reacted as sinistral strike-slip fault. Based on topographic texture analysis, Choi et al. (2004) interpreted that dextral movement along the Sinnyeong Fault occurred during the Campanian to Eocene, afterwards the fault was reactivated as a sinistral strike-slip faults together with nearby WNW-trending faults during the Pliocene. They also argued that the NNE-trending Yangsan Fault was cut and left-laterally displaced by them. On the other hand, Lee & Hwang (1997) suggested that the sinistral strike-slip movement of the Gaeum Fault System and associated NS-trending open folding were produced under EW compressive stress field which was followed by NE-SW compressive stress field resulting in dextral strike-slip faulting of the Yangsan Fault System.
Structures Characteristics Field Descriptions along the Fault
The Sinnyeong Fault, observed in the Site-1, has a nearly vertical dip with a strike of N70˚W, and cuts the sandstone and siltstone of the Hayang Group. An about 6 m-thick fault core is composed of incohesive fault breccias and gouges, which anastomose and link up with each other (Figure 2(A) ). They also show a NW-trending rearrangement (foliation in S-C fabric) indicating sinistral movement of the fault (Figures 2(B 
), (C)).
Sinistral-reverse oblique-slip senses with rakes less than 20˚ are observed on the main fault surfaces. In the damage zone, a lot of ENE-trending shear fractures having sinistral sense ( (Choi, 1995) . (H) Fold axes estimated from best-fitting π-circles of various attitudes of fold limbs. structures (Figure 2(E) ) are frequently observed. Meanwhile, the strike of sedimentary strata tends to be more parallel to the strike of the fault and the dip becomes more vertical closer to the fault core, but these features are remarkably dominant in the southern block of the fault. NW-trending folds having several meters in width are also observed in about 60 m-thick fault damage zone of the southern block (Figure 2(F) ).
The main fault, observed in the Site-2, strikes N87˚W and dips 72˚SW on outcrop and has about 1 m-thick fault core consisting of incohesive fault gouges and breccias. Slickenlines indicating sinistral-reverse oblique-slip sense are observed on the main fault surface. Meanwhile, it is notable that the bed attitudes adjacent to the main fault are markedly discriminable in the northern and southern blocks of the fault. In details, the bed attitudes in the northern block mainly define a homoclinal structure dipping toward the NW with 10˚ -15˚ angles, whereas those in the southern blocks define a few meters to centimeters-width folds having constantly northwestward-plunging fold axes with about 20˚ angles.
Cylindrical Folds along the Faults
The bed attitudes of the sedimentary rocks in the Uiseong Subbasin generally define a homoclinal structure dipping toward east or east-southeast, although this pattern is complicated by intrabasinal faulting and formation of cauldrons.
The various scale cylindrical folds observed along the southern damage zone of the Sinnyeong Fault thus can be attributed to (1) the regional stress causing movement of the fault or (2) the dragging associated with the faulting. The geometry of folds produced by regional stress is, however, distinguishable from that of drag folds, because the folds mostly show a cylindrical geometry and similar trends of the axes. The fold axes thus can be used to reconstruct the paleostress field and to determine the direction of crustal contraction (Jonk & Biermann, 2002; Kim et al., 2008; etc.) . On the other hand, the drag folds are results of a distortion of bedding or other layering, resulting from shearing of rock bodies (Davis & Reynolds, 1984; Twiss & Moores, 2007; etc.) , and can be an important role for inferring the movement sense of faulting (Becker, 1995; Choi et al., 2004) . Geometry of drag fold is significantly affected by the movement sense of fault and pressure-temperature conditions. In other words, dip-slip faulting generally forms a cylindrical drag fold with the slip direction roughly perpendicular to the fold axis, whereas oblique-slip and strike-slip faulting can be easy to form a conical fold excepting one formed by only flexural slip without volume redistribution (Becker, 1995) .
The features of the observed folds along the Sinnyeong Fault are as follows. (1) Cylindrical geometry, (2) tens of meters to several centimeters in width, (3) various tightness, gentle to tight folds, (4) NW-trending fold axes with low-angle plunge (Figure 2(H) ), and (5) concentration of their distribution in the southern damage zone of the fault with a continuous narrow width of several tens of meters. These structural characteristics imply that the folding was intimately related with regional compressional stress rather than dragging or distortion by faulting.
Reconstruction of Paleostress Fields
A few centimeters to ten meters-width cylindrical folds having various interlimb angles are intensively distributed in the southern damage zone of the Sinnyeong Fault. We reconstructed the fold axis estimated from best-fitting π-circles of various attitudes of fold limbs in the Site-1. The fold axis trends S53˚E and plunges 23˚ southeastward (Figure 2(H) ), which is approximately the same attitude to those of minor folds measured in the field.
A number of slip data from minor faults observed close to the Sinnyeong Fault were measured and analyzed to reconstruct the paleostress fields. The results show the sinistral movement of the fault was produced under a NE-SW compressional stress (R' = 1.744; Delvaux et al., 1997 ; Figure 2(G) ). Several NEtrending calcite veins, observed in the Site-1, also show comb structures growing in NW-SE direction that is commonly controlled by the instantaneous stretching axis. It is thus interpreted that the formation of the NE-trending calcite veins was nearly coeval with the sinistral movement of the Sinnyeong Fault under the NE-SW compressional stress regime.
These kinematic indicators show that the sinistral movement of the Sinnyeong Fault was produced under the NE-SW compressional stress accompanying the subsidiary minor contractional and extensional structures in the southern fault damage zone of the fault.
Discussion

Geometry and Kinematics of the Sinnyeong Fault
The lineament of the Sinnyeong Fault, strikingly recognized in the satellite and DEM images, is continuously traced with N70˚W trend. The strikes of the fault measured in outcrops, however, range from N49˚ to 87˚W with subvertical dips toward north or south. The damage zone of several meters to several tens of meters in width and a several meters-thick fault core are observed along the fault. It is notable that the southern block of the fault is more deformed than the northern block in most observed outcrops.
Most of the kinematic indicators suggest sinistral-reverse oblique-slip or sinistral strike-slip movements along the WNWtrending faults associated with partial compression, although dip-slip and dextral-slip senses are occasionally observed. Because the slip direction and sense determined by kinematic indicator such as slickenline, crystal fiber, and ridge and groove structure on the fault surfaces generally indicate the last or strongest movement of faults (Becker, 1995) , the sinistral movement of the faults is interpreted to represent the last or strongest displacement of the faults.
Contractional Structures and Fault Reactivation
The NW-trending folds distributed only along and adjacent to the Sinnyeong Fault, compressional component observed on the main fault, and NE-SW-directed maximum horizontal stress reconstructed from the fault slip data indicate collectively that the formation of the folds was contemporaneous with or immediately before the sinistral movement of the fault. It is notable that the contractional structures in the host rocks are significantly concentrated within the continuously narrow zone of several tens of meters along the fault, implying that the sinistral movement of the fault and formation of the contractional structures resulted from the reactivation of suitably oriented preexisting fault and/or weakened zone (Letouzey et al., 1990; Cunningham, 2007; Mann, 2007; Cunningham & Mann, 2007) .
The sinistral reactivation of pre-existing fault and/or weakened zone is also supported by the following evidences. Firstly, multiple slip senses including normal-slip are occasionally observed on the main fault surfaces, although the sinistralreverse oblique-slip is most dominant. Secondly, several previous studies suggested that the initial movement of the WNWtrending faults was coeval with the deposition of the lower strata of the Hayang Group and then they played a role as conduits of the granitic magma (Chang et al., 1977 (Chang et al., , 1981 Won et al., 1980; . Thirdly, Chang (1975) interpreted that Miryang and Uiseong subbasins was tectonically divided by the Palgongsan Fault (or Palgongsan Granite), based on the abrupt change of sedimentary facies across the fault.
Reactivation of pre-existing faults or alternatively new failures depend on the geometry of pre-existing faults, state of stress, physical properties of fault rocks (cohesion, friction, etc.), mineralogic/chemical weakening of fault rocks, fluid pressure conditions, and so on (Sibson, 1985; Letouzey et al., 1990; Holdsworth et al., 1997) . Movement sense of the reactivation faults was crucially controlled by the geometry of the pre-existing fault in relation with the regional stress field. In other words, some pre-existing faults having high angles could not be easily reactivated or could be reactivated as strike-slip faults rather than reverse faults, when the strikes of the faults are nearly perpendicular or oblique to the orientations of maximum horizontal stress (Davis & Reynolds, 1984; Letouzey et al., 1990) . In case of the Sinnyeong Fault, the angle between the direction of maximum horizontal stress and strike of the fault is about 70˚ -80˚ and the dips of the fault are subvertical, which also supports that the Sinnyeong Fault has been reactivated as a sinistral fault under the NE-SW compressional stress.
In short, it is interpreted that the sinistral faulting of the Sinnyeong Fault was produced by the concentration of the regional compressional stress along the pre-existing WNW-trending faults or densely populated fracture zone within a relatively stable intraplate region (Figure 3) .
Conclusion
Detailed field descriptions along the fault and kinematic analysis were carried out in order to determine the geometry and kinematics of the Sinnyeong Fault. The results are as follows.
(1) The Sinnyeong Fault is traced for over 70 km and has a consistent WNW-trending strike with nearly vertical dips. It has an asymmetric fault damage zone of several meters to several tens of meters in width and a several meters-thick fault core consisting of incohesive fault gouges and breccias. Based on the lateral offset of ca. 1 km, slip markers on fault plane, and rearranged fault gouges and breccias (S-C fabric), its main movement is interpreted as sinistral-reverse oblique-slip or sinistral strike-slip.
(2) Associated minor structures observed in the fault zone, such as shear and extensional fractures and cylindrical folds, also indicate that the main movement of the fault was sinistralreverse oblique-slip produced under the NE-SW compressional stress regime, although it could have experienced other faultings with different senses before/after this movement. Bed attitudes of sedimentary rocks within the fault damage zone tend to be more parallel to the fault attitude closer to the fault core and this feature is observed much more obviously in the southern block of the fault.
(3) NW-trending cylindrical folds, produced by the regional compressional stress, are also exclusively distributed along the southern damage zone of the fault with a continuous narrow width of several tens of meters, indicating that the formation of folds is contemporaneous with or immediately before the sinistral movement of the fault under the NE-SW compressional stress regime. It is thus interpreted that the sinistral movement of the Sinnyeong Fault was produced by the concentration of regional compressional stress along pre-existing WNW-trending faults or dense fractures within a relatively stable intraplate region.
